Abstract-In recent years great progress toward the understanding of the mixing in the leptonic sector has been made. In this paper we review the next steps in the field of accelerator-based neutrino oscillation experiments. Given the goals of these experiments present beams and detectors are not adequate. Therefore, new beams and detectors are being studied and optimized to fulfill the physics goal of future neutrino oscillation experiments with accelerators.
and to the four parameters in the mixing matrix of eq. (1): three angles and the Dirac CP-violating phase, δ. .
There are several global fits of all available data. As an example we report in Tab. I the results taken from Ref. [8] . Notice that there are no direct measurements of the mixing angle θ 13 , but only the upper limit given by the CHOOZ reactor experiment [9] . The global analysis in Ref. [8] has given a bound on θ 13 : sin 2 θ 13 ≤ 0.03 at 90% C.L. The next steps on the way of a full understanding of neutrino oscillations by using neutrino beams produced at accelerators are
• discover the source of atmospheric neutrino oscillations, namely the oscillation ν µ → ν τ ; • measure the remaining elements of the PMNS mixing matrix: θ 13 and δ; • measure the sign of ∆m 
;
• perform precision measurements of the angles θ 12 and θ 23 , and of ∆m It is worth noting that there are other searches (like β-decay and double-β decay experiments, and space experiments studying anisotropies in cosmic background radiation) which provide very important information like the absolute value of the neutrino mass or whether the nature of neutrino is a Dirac or a Majorana particle. For a comprehensive review of these experiments we refer to [10] .
II. NEUTRINO BEAMS
Past and present neutrino oscillation experiments are based on beams where neutrinos come from the decay of mesons produced in the interaction of high energy protons impinging into a target (typically Be or graphite). However, such conventional beams have some limitations (see Section II-A) that could be overcome by using new beam-line concepts: β-beams (Section II-B) and Neutrino Factories (Section II-C). For a comprehensive discussion of future beams and their comparison we refer to [11] and references therein.
A. Conventional Neutrino Beams
One can identify the main components of a conventional neutrino beam line at a high energy accelerator as
• the target onto which protons are sent to produce pions and kaons; • the focusing system which guides the mesons along the desired neutrino beam direction; • the decay tunnel (usually evacuated) where mesons decay and produce neutrinos and muons. From meson decay kinematics it follows that the neutrino energy is given by 
where γ is the Lorentz boost of the parent meson, E π(K) its energy and θ the angle of the neutrino with respect to the meson flight direction.
There are three types of conventional neutrino beams: the Wide Band Beams (WBB), the Narrow Band Beams (NBB) and the Off-Axis Beams (OAB). WBB are characterized by a wide energy spectrum (it could spread over a couple of order of magnitude) and correspondingly high neutrino flux. Given these features, WBB are the optimal solution to make discoveries. The drawback is that, if the signal comes from a small part of the energy spectrum, it could be overwhelmed by the background also induced by neutrinos outside the signal region. Conversely, NBB may produce almost monochromatic energy spectra. This can be obtained by selecting a small momentum bite of the parent π and K. However, the neutrino yield is significantly reduced. This is an important drawback for oscillation searches. A good compromise between the requirements of a high flux and a narrow energy spectrum is obtained by means of the Off-Axis technique [12] . This technique involves designing a beam-line which can produce and focus a wide range of pions in a given direction (as in the WBB case), but then putting the detectors at an angle with respect to that direction. Because the pion decay is a two-body decay, a given angle between the pion direction and the detector location corresponds to a given neutrino energy independently of the pion energy. Furthermore, the smaller fraction of high energy tails will reduce the background from neutral-current (NC) events where a high energy π 0 is misidentified as an electron.
It is worth noting that, regardless of the adopted solution, there are common problems to all conventional neutrino beams
• the hadron yield in the proton-target interaction has large uncertainties due to lack of data and to theoretical difficulties in describing hadronic processes. This implies difficulties in predicting the neutrino flux and spectrum with good accuracy; • in addition to the dominant flavor in the beam (typically ν µ ) there is a contamination (at level of few percent) from other flavors (ν µ , ν e andν e ). The knowledge of the beam spectrum and its composition has a strong impact both on the precision measurements of the angle θ 23 , of the mass squared difference ∆m 2 23 and on the sensitivity to the mixing angle θ 13 . For instance, from the CHOOZ limit on θ 13 we know that the ν µ → ν e appearance probability is smaller than 5%, which is of the same order of magnitudfe of the beam contamination. Therefore, the observation of ν e appearance and the θ 13 measurement are experimentally hard.
In order to improve the knowledge of the beam, conventional beam-lines are equipped with close detectors whose aim is to help in the prediction of the flux and the spectrum of the neutrino beam in absence of oscillations (close to far extrapolation). In addition, they measure the intrinsic contamination (in particular the ν e andν e components), the background rejection capabilities of the detector and the neutrino cross-sections with high statistics.
In the last years a new concept of conventional beam (the so-called "Super-Beam") has been put forward in order to maximize the sensitivity to θ 13 . Super-beams will provide a much higher neutrino flux, but at low energy (below 1 GeV). This will open the possibility to perform long-baseline experiments with high statistics and tuned at the oscillation maximum even at moderate distances between source and detector.
B. β-beams
A β-beam [13] is made by accelerating radioactive ions with a short beta-decay lifetime, by storing them in a ring with straight sections and by letting them decay. Therefore, the focusing of the beam is provide by the Lorentz boost. Having the possibility to accelerate either ions decaying β − (i.e. 6 He) or ions decaying β + (i.e. 18 Ne), pureν e or pure ν e beams can be easily produced, respectively. In order to illustrate the value of the β-beam concept, we briefly discuss the production of an anti-neutrino beam. A good beta-emitter for anti-neutrino production is the 6 He ++ ion that decays into 6 3 Li ++ e −ν e with a β-decay endpoint (E 0 ) of about 3.5 MeV. The anti-neutrino spectrum is completely known from laboratory measurements of the associated electron, since E e + E ν ≈ E 0 . Being the ion spin-less, decays at rest are isotropic, when ions are accelerated (γ values up to 150 are possible) the neutrino transverse momentum in the laboratory frame is identical to that observed in the rest frame, while the longitudinal momentum is multiplied by a factor γ. Therefore, neutrinos have typical decay angles of 1/γ (less than 10 mrad for γ = 100), and the average neutrino energy in the forward direction is 2γE cms ∼500 MeV.
The technical feasibility of accelerating ions, although at relatively low energies, has been already demonstrated in nuclear physics experiments such as ISOLDE at CERN. Given the small neutrino energy, a potential drawback of this approach is the substantial background from atmospheric neutrinos. To overcome this problem ions should be bunched as any other particle circulating into an accelerator. At present, this is the major technical issue on which people are working on.
Summarizing, the main feature of a neutrino beam based on the β-beam concept are
• neutrino beam energy is low energy and neutrinos are well focused (particularly important for long-baseline experiments); • the beam energy depends on the γ factor. Therefore, ion accelerator can be tuned to optimize the sensitivity of the experiment; • the produced beam contains a single flavor with an energy spectrum and intensity known a priori. Therefore, unlike conventional neutrino beams, close detectors are not needed to monitor the beam composition; • neutrino and anti-neutrino beams can be produced with a comparable flux.
C. Neutrino Factory
The first stage of a Neutrino Factory is similar to that of a Super-Beam. Namely, protons are sent onto a target producing pions and kaons that are collected through magnetic lenses. However, while in those beams hadrons are let decay launching neutrinos toward the detector site, in the Neutrino Factory daughter muons are collected and accelerated in a ring with long straight sections. Muon decays in each straight section generate highly collimated neutrino beams. If µ + are stored, µ + → e + ν eνµ decays generate a beam consisting of 50% ν e and 50%ν µ . If µ − are stored the beam consists of 50% ν µ and 50%ν e . Since the kinematics of muon decay is well known, we expect minimal systematic uncertainties on the neutrino flux and spectrum. Hence, compared to conventional neutrino beams, neutrino factories provide ν e andν e beams in addition to ν µ andν µ beams, with small systematic uncertainties on the flux and spectrum. Radiative effects on the muon decay have been calculated and they amount to about 4 × 10 −3 with a much smaller error. Overall, the flux is expected to be known with a precision of the order of 10 −3 . Another important feature of the neutrino factory beam is its sharp cut-off at the energy of the stored muons. In a conventional neutrino beam there is a high-energy tail, which as already mentioned gives rise to background from NC events in which a leading π 0 is misinterpreted as an electron, faking ν µ → ν e signal. Furthermore, the possibility to store in the ring high-energy muons that in turn produce high-energy neutrinos open the study of oscillation channels like ν µ → ν τ and ν e → ν τ , whose combined physics potential has been discussed in [14] .
III. DETECTOR TECHNOLOGIES
In the following the Water Cerenkov technology is not discussed being the topic of another talk given at this conference [15] .
A. Magnetized iron calorimeter
Magnetized iron calorimeters are used since the '80. Nowadays the MINOS Collaboration built a magnetized iron calorimeter to study neutrino oscillations at the atmospheric scale by using the NuMI beam [16] . We use the MINOS performance as reference for this kind of technology. The detector is composed of 2.54 cm-thick steel planes interspersed with planes of 1 cm-thick and 4.1 cm-wide scintillator strips. The detector is magnetized to an average field of about 1.5 T. Simulations, as well as test beam results, show that the energy resolution of these tracking calorimeter is 55%/ √ E(GeV) and 23%/ √ E(GeV) for hadronic and electromagnetic showers, respectively. This technology is thus particularly suited for the reconstruction ν µ CC events, while the electron identification is rather poor. Therefore, magnetized iron calorimeters are planned to be used to study either ν µ appearance in a pure ν e beam or ν µ disappearance in a well known ν µ beam. It is worth noting that the presence of the magnetic field is essential in order to tag the (anti-)neutrino in the final state. This technology has been proposed to study the so-called "golden channels" ν e → ν µ andν e →ν µ [17] at a Neutrino Factory.
B. The hybrid emulsion detector
The Emulsion Cloud Chamber (ECC) concept (see references quoted in [18] ) combines the high-precision tracking capabilities of nuclear emulsions and the large mass achievable by employing metal plates as a target. It has been adopted by the OPERA Collaboration [18] for a long-baseline search for ν µ → ν τ oscillations in the CNGS beam through the direct detection of the decay of the τ produced in the ν τ CC interaction with the target.
The basic element of the ECC is a "cell" made of a 1 mm thick lead plate followed by a thin emulsion film. The film consists of 44 µm thick emulsion layers on either side of a 200 µm plastic base. The number of grain hits in 50 µm (15) (16) (17) (18) (19) (20) ensures redundancy in the measurement of particle trajectories and in the measurement of their energy loss in the non-relativistic regime when they are about to stop.
Thanks to the dense ECC structure and the high granularity provided by the nuclear emulsions, the OPERA detector is also suited for electron and γ detection. The resolution in measuring the energy of an electromagnetic shower is about 20%. Furthermore, the nuclear emulsions are able to measure the number of grains associated to each track. This allows an excellent two-track separation: O(1 µ)m or even better. Therefore, it is possible to disentangle single-electron tracks from tracks produced by electron pairs coming from γ conversion in the lead.
The outstanding position resolution of nuclear emulsions can also be used to measure the angle of each charged track with an accuracy of about 1 mrad. This allows momentum measurement by using multiple Coulomb scattering with a resolution of about 20%, and the reconstruction of kinematical variables characterizing the event.
A lead-emulsion detector has been also proposed to operate at a Neutrino Factory to study the so-called silver channel ν e → ν τ [14] .
C. Liquid Argon time projection chamber
The ICARUS Collaboration [19] self-triggering, with the ability to provide three-dimensional imaging of ionizing tracks. This detector consists of a large vessel of liquid argon filled with planes of wires strung in two dimensions. This device 3 × 3 × 0.2 mm 3 allows tracking, dE/dx measurements and has a full-sampling electromagnetic and hadronic calorimetry. Furthermore, the imaging provides excellent electron and photon identification and electron/hadron separation. The energy resolution is excellent for electromagnetic showers (∼ 13%/ √ E(MeV)) and also very good for contained hadronic showers (30%/ √ E(GeV)). Furthermore, it is possible to measure the momentum of stopping muons with a resolution better than 3%, by using the Multiple Coulomb Scattering.
The operating principle is rather simple: any ionizing event (from a particle decay or interaction) taking place in the active liquid argon volume, which is maintained at a temperature T ∼ 89 K, produces ion-electron pairs. In the presence of a strong electric field (∼ 0.5 kV/cm), the ions and electrons drift parallel to the field in opposite directions. The motion of the faster electrons induces a current on a wire plane located near the end of the sensitive volume. The electrons are collected by a wire plane with different orientation. The knowledge of the wire position and the drift time provides the three-dimensional image of the track, while the charge collected on the wires provides information on the deposited energy.
The major milestone of this technique has been the successful operation of the ICARUS 600 tons prototype which has operated during the summer of 2001. Of course, any application of this technique would require an increase of liquid argon mass. This technique is foreseen to operate with the CNGS neutrino beam to search for ν µ → ν τ oscillations at the atmospheric scale. Furthermore, given its excellent electron identification capabilities it has been also proposed to operate on other beams to search for ν µ → ν e appearance.
D. Low Z calorimeter
Unlike the iron calorimeters discussed in Section III-A, low Z calorimeters allow a good identification and energy measurement of electrons produced in charged-current interactions induced by ν e . For this purpose one must sample showers more frequently than 1.4 X 0 and a magnetic field would not be necessary. Another advantage of a low Z calorimeter is that, for a given radiation length sampling, one can get up to a factor of 3 more mass per readout plane with respect to iron calorimeters. This detector can discriminate between ν e induced CC and NC events by looking at the longitudinal profile of the neutrino interaction. In fact, NC events are likely to be much more spread out in the detector than ν e CC. Several active detectors (Resistive Plate Chambers, streamer tubes, plastic scintillators) have been proposed and are currently under study. This technique has been proposed to search for ν µ → ν e oscillations in the NUMI Off-Axis beam-line [21] .
IV. PHYSICS REACH OF FUTURE ACCELERATOR BASED OSCILLATION EXPERIMENTS

A. Near term programs
The NuMI (expected to start beginning 2005) and the CNGS (expected to start mid 2006) programs were approved with the aim to search for neutrino oscillation in the ∆m 2 region indicated by atmospheric neutrino results. By looking at the ν µ disappearance in an almost pure ν µ beam, the MINOS experiment aims at the measurement of the oscillation parameters with a precision of about 10%. A (indirect) statistical evidence of ν µ → ν τ oscillations is achievable by looking at the NC/CC ratio. On the other hand, the CNGS programs aims at the direct evidence of ν τ appearance in a pure ν µ beam by searching for the decays of τ produced in ν τ CC interactions. After five years data taking and for ∆m 2 23 = 2 × 10 −3 eV 2 , about 10 events, with a background smaller than 1 event, are expected both in ICARUS and OPERA. An increase by 1.5 of the proton intensity [22] , with a corresponding increase of the event rate, is currently under study. These experiments are also able to search for ν µ → ν e oscillations, i.e. a non vanishing θ 13 . It has been shown in Ref. [23] that in case of negative result, the CNGS program (ICARUS plus OPERA) will be able to exclude values of θ 13 down to 5
• at 90% C.L, to be compared with the θ 13 < 10
• limit given by CHOOZ. On the other hand, if θ 13 is larger than 7
• it would be possible to provide a first measurement of θ 13 .
B. Medium term programs
The main goals of the JHF [20] (expected to start in 2008-09) and NuMI-OA [21] (start of data taking after 2010) programs are: provide a precision measurements of the PMNS matrix elements relevant in the atmospheric sector with a few percent accuracy and push the sensitivity to θ 13 down to few degrees, i.e. improve the CHOOZ limit by one order of magnitude. As far as the detector is concerned, the JHF project will exploit the Super-Kamiokande detector located about 300 km far from the neutrino source under construction at the Tokai site in Japan, while the NuMI-OA project will exploit the NuMI beam with a low Z calorimeter located at a distance not yet defined, but in the 700 -900 km range.
It is worth to stress that the information gathered from the combination of results is actually better than if one had simply run one experiment for twice as long [24] . The reason for this is that NuMI-OA experiments can be sensitive to matter effects, while JHF experiments are not.
C. Far term programs
The transition probabilities ν e → ν µ and ν µ → ν e are extremely sensitive to θ 13 and δ: this is what is called the "golden measurement at the Neutrino Factory" [17] and can be studied by searching for wrong-sign muons, provided the considered detector has a good muon charge identification capability. The determination of (θ 13 , δ) from this channel is not at all free of ambiguities: it was shown in [25] that, for a given physical input parameter pair (θ 13 ,δ), measurements of the oscillation probability for ν e → ν µ andν e →ν µ will generally result in two allowed regions of the parameter space. The first one contains the physical input parameter pair and the second, the "intrinsic ambiguity", is located elsewhere. Worse than that, further degeneracies results from our ignorance of the sign of the ∆m 2 23 squared mass difference and from the approximate [θ 23 , π/2 − θ 23 ] symmetry for the atmospheric angle [26] , [27] . In general, for each physical input pair the measurement of P (ν e → ν µ ) and P (ν e →ν µ ) will result in eight allowed regions of the parameter space, the eightfolddegeneracy [27] .
In order to solve these ambiguities, a single experiment on a single neutrino beam would not be enough. Several investigations on how to solve this problem have been carried out, as reported in [28] and references therein.
D. Summary of future programs
An overview of all existing, under construction and proposed beam-lines is given in Table IV-D. V. CONCLUSION Since 1998, neutrinos are the only source of physics beyond the Standard Model of particle physics: the neutrino oscillations discovery has unambiguously shown the non conservation of the leptonic number. However, there is a still long way to go before the mixing matrix in the leptonic sector and the mass squared differences are precisely determined. To improve in the future the knowledge of neutrino oscillations, there are ongoing efforts to provide new neutrino sources (neutrino beams) and new detector technologies (or upgrades of existing ones). Given these premises, one can think that in the future the year 1998 will remembered not only as the year of the neutrino oscillation discovery, but as the starting date of a new "hera mirabilis" for neutrino physics. ACKNOWLEDGMENT I would like to thank Paolo Strolin for useful discussions during the preparation of this work and the careful reading of the paper. 
